A stable bacterial community expressing strong chitinolytic activity was constructed by mixing and cultivating chitinolytic bacteria collected from different natural sources. The DNA fragment pattern, after PCRdenaturing gradient gel electrophoresis (DGGE) targeting 16S rRNA genes using total DNA prepared from whole cells, indicated that the community was composed of four dominant bacterial species. All four species were isolated on agar medium, and one strain, SAY3, was deduced to be a novel species belonging to a new genus based on the 16S rRNA nucleotide sequence. The other strains showed high similarity in their 16S rRNA sequences to those of previously identified bacteria (Acinetobacter and Microbacterium). Strain SAY3 degraded and utilized larger particles of chitin faster than the community, indicating that it plays an important role in the chitin degradation conferred by the community.
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Oligosaccharides prepared from chitin or chitosan are known to have useful biological activities, such as antifungal effects and elicitation, inducing plant defense responses, 7, 8) but their usefulness is limited because of their low solubility in water. Chemical reactions involving strong acids are used in the industrial production of chitin oligomers, 9) but the resulting waste fluid is a problematic environmental pollutant. We have been studying the chitin-degrading enzymes of microorganisms with the aim of producing chitin oligomers in an efficient and eco-friendly manner.
Microorganisms exist as complex communities composed of many species in nature, and are involved in the degradation and circulation of various inorganic and organic compounds. 10, 11) Here we report the establishment of a stable bacterial community that was capable of degrading chitin.
Materials and Methods
Construction of a stable bacterial community. Nylon nets containing chitin flakes from crab shells greater than 2 mm in size (Kyowa Technos, Aichi, Japan) were placed in the Chikuma River (Ueda, Japan), the moat of Ueda Castle (Ueda, Japan), and on the experimental farm of the Faculty of Textile Science and Technology of Shinshu University (Ueda, Japan). 12) Each of the collected chitin flakes (0.2 g) to which microbial cells strongly attached was mixed and inoculated into 100 ml of synthetic medium A (0.50% (NH 4 ) 2 SO 4 , 0.085% KH 2 PO 4 , 0.015% K 2 HPO 4 , 0.050% MgSO 4 , 0.010% NaCl, 0.010% CaCl 2 , 1% trace mineral solution 13) without NiCl 2 , 1% vitamin solution 14) without 4-aminobenzoic acid, and lipoic acid) containing 0.2% chitin powder from crab shells (Nacalai Tesque, Kyoto, Japan) as sole carbon source. The culture was incubated at 25 C with vigorous shaking (150 rpm). Once the chitin powder had dissolved, 1 ml of the culture was inoculated into 100 ml of fresh synthetic medium A containing 0.2% chitin powder, and then the culture was incubated at 25 C. This step was repeated 18 times.
Isolation of bacterial strains from the community. An aliquot of the culture from the community constructed was spread onto synthetic medium A agar containing colloidal chitin (0.2%). Colonies forming a clear halo were selected, purified, and used in further study. LB agar plates were also used in the isolation and purification of bacterial colonies from the community.
DNA preparation. Genomic DNA was prepared from whole microbial cells in mixed and pure cultures of the isolated strains using a NexttecÔ Genomic DNA Isolation Kit for Bacteria (Nexttec Biotechnologie, Leverkusen, Germany) in accordance with the manufacturer's instructions.
PCR primers. The forward oligonucleotide primer used in PCR amplification of the eubacterial 16S rRNA gene was 5 0 -AACGCGAA-GAACCTTAC-3 0 , and the reverse primer sequence was 5 0 -CGGT-GTGTACAAGGCCC-3 0 . These primers were designed to amplify a fragment incorporating variable regions V6, V7, and V8 of the 16S rRNA gene. 15, 16) When the amplified fragments were analyzed by DGGE, a 40-bp GC-rich clamp (5 0 -CGCCCGGGGCGCGCCCCGGG-CGGGGCGGGGGCACGGGGGG-3 0 ) was added at the 5 0 end of the forward primer to prevent complete denaturation of the PCR products on the DGGE gel.
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DGGE.
A DCode Universal Mutation Detection System (Bio-Rad) was used for DGGE. The PCR products were separated on 16-cm long polyacrylamide gels (8% w/v acrylamide:bisacrylamide at 37.5:1) with a 40-60% denaturant gradient (7 M urea and 40% v/v formamide were regarded as 100% denaturant). Electrophoresis was performed in TAE buffer (40 mM Tris-HCl pH 8.0, 20 mM acetic acid, 1 mM EDTA) at 60 C at 200 V for 360 min using a PowerPac 300 (Bio-Rad) as the electric power supply. Following electrophoresis, the gels were stained for 60 min in TAE buffer containing Gelstar Nucleic Acid Stain (Takara Bio, Shiga, Japan), and fluorescing DNA fragments were photographed using a Printgraph AE-6905C (Atto, Tokyo, Japan).
Determination of nucleotide sequences. Sequencing reactions were performed with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems Foster City, CA) on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). DNA fragments recovered from each band of the DGGE gels, and genomic DNA prepared from each of the strains isolated from the community was used as template for PCR using the primer set without a GC clamp. The PCR products were used directly as templates for sequencing reactions.
BLAST search. To determine the taxonomic positions of the bacterial strains based on the sequences of the 16S rRNA, sequence data were subjected to BLAST searches at the DDBJ website (http: //blast.ddbj.nig.ac.jp/top-j.html).
Growth and chitinolytic activity of the community and the isolated strains. Cell mixtures of the community constructed and each of the isolated strains were incubated in synthetic medium A containing chitin powder (0.2%) or flakes (0.2%) as sole carbon source. To assess cell densities, fractions of the culture were collected at appropriate intervals, treated at 100 C for 5 min to disrupt the cells, and stored at À80 C until used in ATP determination. The ATP concentration of the resulting samples was determined using an ATP Analyzer AF-100 (DKK-TOA Corporation, Tokyo, Japan) following the manufacturer's instructions. The cell densities of the culture were estimated from the ATP concentrations determined based on the assumption that one bacterial cell contains approximately 1 Â 10 À15 g of ATP.
17) The chitinolytic activity of the culture was assayed using two substrates, p-nitrophenyl N-acetyl-D-glucosamine (pNP-GlcNAc) and p-nitrophenyl N-acetylchitotrioside (pNP-(GlcNAc) 3 ). The culture was centrifuged at 15,000 rpm for 5 min, and the resulting precipitate was resuspended in an equal volume of 50 mM NaOAc buffer (pH 5.6). The reaction mixture (100 ml) contained 50 mM NaOAc buffer (pH 5.6), 20 mM pNP-GlcNAc, or 10 mM pNP-(GlcNAc) 3 , and an appropriate volume of enzyme sample (culture supernatant or cell suspension). The reaction mixture was incubated at 37 C for 30 min, and then 200 ml 0.2 N NaOH was added. After removal of debris by centrifugation, the absorbance of the supernatant was measured at 405 nm with an ImmunoMini NJ-2300 (Nalge Nunc International, Tokyo, Japan). The aquatic bacterium Aeromonas hydrophila, strain SUWA-9, 18) was used as a standard chitinolytic strain to compare the properties of chitinolytic activity.
Results and Discussion
Construction of a stable microbial community expressing chitinolytic activity Nylon nets containing chitin flakes were placed in a river, a moat, and soil. The chitin flakes gradually changed in color from coral pink to sepia, suggesting that various kinds of microbial cells strongly adhered to their surface. We assumed that some of the microbial cells that adhered could degrade chitin and would be a good source of chitinolytic bacteria. To construct a stable microbial community capable of degrading chitin, the chitin flakes collected from the three different environments were mixed and cultured in synthetic medium A containing chitin powder as sole carbon source. During successive subcultures, the degradation rate of the chitin powder increased gradually, and most of it disappeared within 30 h of inoculation at the 18th subculture. We also set the cultures in a similar way by inoculating chitin flakes from each environment alone, but none of these showed significant growth comparable to that in the microbial community. This implies that mixing of microbial cells collected from the different environments might be crucial for the construction of a stable microbial community expressing strong chitinolytic activity.
Analysis of the bacterial species constituting the community
To visualize changes in the bacterial species constituting the microbial community during successive subcultures, total DNA was prepared from whole microbial cells in each subculture and used as a template for PCR-DGGE targeting of eubacterial 16S rRNA genes (Fig. 1A) . More than 40 faint bands appeared at primary culture, but most of them disappeared during successive subcultures. After the 10th subculture, the profile and pattern of visible DNA fragments did not change at all, indicating that the microbial community had stabilized. This community was composed of four major kinds of bacteria, as judged by the bands on the DGGE gels (Fig. 1) . When the same samples were used as templates for PCR targeting the fungal internal transcribed spacer region, 19) no products were obtained. This implies that the community was composed mainly of bacteria, and that the presence of fungal species was unlikely. 
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Isolation of bacterial strains from the community constructed
To characterize the four major bacterial species that made up the community, they were isolated and purified on synthetic chitin agar medium or LB agar plates. The isolated colonies were subjected to PCR-DGGE analysis of the 16S rRNA genes, and the migration distance of each band was compared with those of the original community (Fig. 1B) . Our results indicate that all four species (designated SAY1-SAY4) were isolated, as judged by the identical migration distances on the gel and also by the sequence identity between the corresponding PCR products. Three strains (SAY1, SAY2, and SAY3) grew on the synthetic medium containing colloidal chitin as the sole carbon source, whereas strain SAY4 did not (Fig. 2) . Clear halos around the colonies were observed for SAY3, indicating that the strain secreted a large amount of chitin-degrading enzymes (Fig. 2C) . Strains SAY1 and SAY2 grew on the chitin plate at a slower growth rate than SAY3, and no clear halos were detected, suggesting that their chitin-degrading enzymes might not have been secreted in the medium ( Fig. 2A, B) . The partial nucleotide sequences of the 16S rRNA gene from each strain were determined and subjected to a BLAST search to infer their taxonomic positions ( Table 1 ). The sequences determined for strains SAY1, SAY2, and SAY4 revealed 99-100% nucleotide identity with the 16S rRNA sequence of Acinetobacter junii, Acinetobacter calcoaceticus, and Microbacterium phyllosphaerae respectively. Because of this high nucleotide similarity, each of these three strains is likely to be classifiable as the same species indicated above or a closely related one. In contrast, SAY3 was most closely related to Deefgea rivuli, but had only 96% nucleotide identity with its 16S rRNA gene. We examined strain SAY3 in detail, and have reported that it is a novel species belonging to a new genus; we have proposed the scientific name Chitiniphilus shinanonensis for it. 20) We have examined a bacterial species tightly bound to the surface of chitin flakes that was placed in the three different environments by PCR-DGGE analysis targeting for the 16S rRNA gene. 12) A nucleotide sequence identical to the 16S rRNA gene of SAY3 was found only in the PCR fragments amplified from bacterial cells bound to the chitin flakes placed in the moat of Ueda Castle, and we could not isolate strain SAY3 from the culture in which the chitin flakes from the moat was inoculated in synthetic medium containing chitin powder. This result can explain how the mixed culture used in this study can be an effective way to isolate the novel bacteria SAY3.
Degradation and utilization of chitin by the bacterial community constructed
The chitin degradation ability of the constructed community was evaluated by growing the bacteria at 25 C in synthetic medium A containing chitin powder or flakes of chitin as the sole carbon source. The chitinolytic bacterium Aeromonas hydrophila, strain SUWA-9, was used as a control, since bacteria belonging to the genus Aeromonas are ubiquitous in fresh and brackish water, and have recently been reported to degrade and utilize chitin efficiently. [21] [22] [23] [24] A conventional method, such as measuring the turbidity of the culture or counting viable colonies on agar plates could not be used to evaluate the cell growth rate, since insoluble chitin was present in the medium. Hence we determined the amount of ATP released from viable cells using a luciferase reaction. 25) In the synthetic medium containing chitin flakes, the community showed a much higher growth rate than strain SUWA-9 did, while the growth rates of the two cultures were almost identical in the medium containing chitin powder (Fig. 3A) . Hence, it was clearly shown that the community constructed degraded and utilized larger particles of chitin efficiently. Most natural chitin exists in the form of -chitin, in which molecular chains are arranged in an anti-parallel direction.
26) The chitin powder and flakes used in this study were -chitin from crab shells. Chitinolytic enzymes capable of degrading crystalline -chitin efficiently are highly valuable in implementing a strong and eco-friendly chitin-degrading process.
The chitinolytic enzyme activities of the community constructed were assayed using two synthetic substrates, pNP-GlcNAc for exo-type activity, and pNP-(GlcNAc) 3 for mainly endo-type activity. Both exo-and endo-type activities were detected in the earlier phase of culture in the community constructed irrespective of the size of the chitin particles, while SUWA-9 exhibited both activities, but only in the medium containing chitin powder (Fig. 3B, C) . The community constructed is likely to have possessed the ability to degrade chitin particles efficiently regardless of their size or crystalline structure.
When each of the four isolated strains was mixed and cultivated in the medium containing chitin powder, a stable community with a similar ability to degrade and utilize larger particles of chitin was reconstructed (data not shown). This implies that the strong chitinolytic ability conferred by the original bacterial community was caused by the coexistence of the four isolated strains, although further study to clarify the intercellular relationships among them is needed. Degradation and utilization of chitin by the four strains in the community constructed
The growth rate and chitinolytic activity of SAY1-SAY4 were examined in the synthetic medium containing chitin flakes (Fig. 4) . Strain SAY3 grew much faster than the other strains, indicating that it plays an important role in the degradation of chitin flakes by the community (Figs. 3A and 4A ). When chitin powder was used in place of chitin flakes, most of the powder disappeared within 27 h of inoculation, slightly shorter than the period of time (30 h) required in the case of the original community. Strains SAY1 and SAY2 (belonging to the genus Acinetobacter) grew slower, while SAY4 (belonging to the genus Microbacterium) did not grow at all in the absence of the other bacterial strains. Bacteria belonging to the phylum Actinobacteria, including the genus Microbacterium, are known to have the ability to decompose chitin in soil, [27] [28] [29] but SAY4 did not utilize chitin. SAY4 grew in the medium containing chitin flakes as a member of the community, possibly because it could utilize metabolites supplied by the other strains.
To characterize the chitin-degrading system of SAY3 further, the culture grown in the presence of chitin flakes was separated into two fractions (precipitate and supernatant), and an enzyme assay conducted. Significantly higher levels of both exo-and endo-type activity were detected in the precipitate (Fig. 4B, C) . Thus it can be concluded that the enzymes active in chitin degradation were located mainly on the cell surface of SAY3, although we cannot rule out the possibility that the chitinolytic enzymes might have been tightly bound on the surface of the chitin and remained in the precipitate through their chitin-binding domains. It would be advantageous to examine the chitinolytic enzymes of SAY3 (the type strain of C. shinanonensis), as it reveals a process whereby larger chitin particles can be efficiently degraded. Isolation of the genes coding for chitinolytic enzymes is currently in progress. a Numbers correspond to the bands indicated in the DGGE gel (Fig. 1) . b The type culture strain to which the various sequences show highest similarity.
A B C Fig. 3 . Growth Rate and Chitinolytic Activity of the Constructed Bacterial Community. The community constructed was grown in a synthetic medium containing chitin powder or flakes as sole carbon source to determine cell growth (A) and chitinolytic activities (B, C). A summary of the activity in the culture supernatant and cell suspension is presented. The community in the medium containing chitin flakes is represented by circles, and those grown in the presence of chitin powder are by solid circles; A. hydrophila SUWA-9 in medium containing chitin flakes is by triangles, and in medium containing chitin powder by shaded triangles. 
